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Neurons have a restricted expression of MHC heavy chain molecules which prevents presentation of antigens of infecting
viruses. As a result, such infected cells escape immune surveillance and allow the establishment of noncytolytic persistent
infection. Here we show that a chronic noncytolytic viral infection both in vitro and in vivo selectively perturbed the expression
of GAP-43, a protein that plays a central role in neuronal plasticity processes accompanying learning and memory. GAP-
43 expression was greatly decreased in the hippocampus, an area of heightened viral replication, while synaptic density
was preserved. Concurrently, the ability to learn tasks was significantly impaired in these persistently infected mice. Yet,
infected neurons remained free from structural injury. q 1996 Academic Press, Inc.
Viral infections of the central nervous system (CNS) We investigated the behavioral consequences of per-
that injure or destroy specific populations of brain cells sistent LCMV infection in Balb/c adult mice (10–20
are frequently associated with behavioral disturbances. weeks of age) using a nonconditional spatial discrimina-
These events occur either directly due to virus replication tion task. The discriminated avoidance task was chosen
or indirectly as a result of the host immune response as a representative short-term memory task involving
against the infectious agent (1). Neurotropic viruses can trial-independent memory processes. This paradigm
also persist in the CNS and, in the absence of cell de- uses a mild foot shock (0.4 mA) to motivate acquisition
struction or inflammation, cause defects in goal-oriented of spatial discrimination in a Y maze. Mock-infected con-
behavior as the main or sole manifestation of infection trols (inoculated at birth with medium used to dilute virus)
(2, 3). Therefore, viruses may contribute to human CNS (N  51) and LCMV persistently infected (LCMV-Pi) Balb/
disorders whose etiology remains elusive (4, 5). c mice (N  34) were trained in five trials per day for 6
Lymphocytic choriomeningitis virus (LCMV) infection days. The number of errors, defined as entries into the
of newborn mice leads to the establishment of a lifelong wrong arm or reentering the start compartment before
persistent infection characterized by continuous produc- or after the onset of shock, was taken as a measure of
tion of infectious virus and the expression of viral RNA acquisition performance. A deficit in the acquisition of
and proteins in most major organs, including the brain discrimination was observed in LCMV-Pi mice compared
(6, 7). High-resolution electron microscopy (8) and in situ to control mice, reflected in a greater number of errors
hybridization (9) studies have documented that, in the on Day 2 (control, 0.53 { 0.14; LCMV-Pi, 1.47 { 0.22),
CNS, LCMV localizes in neurons primarily in the neocor- Day 3 (control, 0.12 { 0.05; LCMV-Pi, 1.44 { 0.24), Day
tex, limbic system, and certain regions of the hypothala- 4 (control, 0.24 { 0.09; LCMV-Pi, 0.91 { 0.23), and Day
mus and at lower levels in the brain stem, thalamus, and 5 (control, 0.14{ 0.07; LCMV-Pi, 0.68{ 0.18) [main effect,
basal ganglia. Despite continuous viral replication, these F(1,83) 41.2, P  0.05; group 1 day interaction,
infected neurons retain their normal cytoarchitecture and F(5,415) 3.9, P 0.05; followed by simple main effects].
neither inflammation nor structural damage occurs within These results indicated that noncytolytic viral infection
the brain parenchyma (4, 6–9). of neurons caused lasting impairment in learning. In ad-
dition, LCMV-Pi mice showed a reduced tendency to ex-
plore a novel environment, although their baseline levels
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FIG. 1. Balb/c mice were infected within 18 hr of birth by intraperitoneal (ip) injection (100 ml) of 1000 PFU of ARM 53b. The ARM 53b strain of
LCMV is a triple-plaque-purified clone from ARM CA 1371 (31). ARM 53b clonal pool stock was prepared by infection of BHK-21 cells at a multiplicity
of infection of 0.1 plaque-forming unit per cell. Forty-eight hours after infection, the supernatant was clarified from cell debris; aliquots were made
and stored at 0707. Virus titers in culture fluids, mouse sera, or tissues were determined by plaque assay on Vero cells (31). Virus stocks were
free from mycoplasma contamination, as determined by Hoechst staining of cells growing in antibiotic-free medium at 48 hr after virus infection.
At 12–16 weeks of age LCMV-Pi mice and sex- and age-matched mock-infected controls were perfused with saline. One of the brain hemispheres
was fixed with 4% paraformaldehyde/PBS, pH 7.5, for morphological and immunocytochemical analysis. The other hemisphere was snap frozen in
liquid nitrogen and used for biochemical and virological analysis. Concurrently, liver and blood samples were collected for virological and biochemical
assays. Control mice were injected ip at birth with 100 ml of medium used to dilute the virus. Blood glucose levels of individual mice were determined
using Chem-Strip bG (Boehringer Mannhein, Cat. No. 00508) read in an Accu-Check II monitor (Boehringer Mannhein). Extraction of RNA and its
analysis by Northern blot hybridization were performed as described (32). (A and B) LVMV-Pi and uninfected control mice had similar weights (A)
and blood glucose levels (B). Values correspond to averages (//0 SD) of 12 4-month-old females each of LCMV-Pi and uninfected control mice.
(C) No significant differences in virus titers in brain (B), liver (L), and serum (S) were observed among LCMV-Pi mice. Values for three independent
LCMV-Pi mice (I, II, and III) are presented. (D) No significant differences among LCMV-Pi mice were found in levels of replication (S RNA segment
levels) and transcription (NP mRNA levels) in brain (B) and liver (L). Results from three independent LCMV-Pi mice (I, II, and III) are shown. These
three mice are the same used in (C) for determination of LCMV titers.
neurochemical abnormalities involving the cholinergic RNA sequences detectable by Northern (Fig. 1D) or
RT-PCR (Fig. 2f) analyses. Virus nucleoprotein (NP) an-system (11, 12).
The lack of overt anatomic pathology associated tigen was found most abundantly in the neocortex, the
pyramidal neurons of the hippocampus, and, at lesserwith these behavioral disturbances led us to examine
whether LCMV persistent infection affected synaptic amounts, the molecular layer of the hippocampus
(Figs. 2a, 2b, and 2e). RT-PCR assays detected LCMVdensity and neuronal plasticity, both of which have
been implicated in cognitive function (13). LCMV-Pi NP and glycoprotein RNA sequences in sections adja-
cent to those used for immunocytochemical detectionmice and sex- and age-matched controls had a similar
clinical appearance as well as body weights and blood of NP antigen (Fig. 2). LCMV-Pi mice displayed a signif-
icant increase in the number of GFAP-positive astro-glucose levels (Figs. 1A and 1B), indicating that the
overall general health was similar in both groups. Addi- glial cells in the neocortex and molecular layer of the
hippocampus (Figs. 3a – 3e), but not in the hippocampaltionally, the LCMV-Pi mice displayed no significant dif-
ferences in amounts of virus in their brains, livers, and pyramidal layer (Figs. 3C – 3e). Consistent with this re-
sult, Northern blot analysis showed an increase insera (Fig. 1C), and viral LCMV RNA present in their
brains and livers (Fig. 1D). Tissues from control mice GFAP mRNA levels in LCMV-Pi mice (Fig. 3f), although
viral antigens were never detected in astrocytes.contained neither infectious virus (Fig. 1C) nor LCMV
AID VY 7949 / 6a18$$$$$1 05-17-96 19:48:04 vira AP: Virology
FIG. 2. Detection of LCMV NP antigen and viral RNA sequences in brain sections. Hemibrains from uninfected control and LCMV-Pi mice were
serially sectioned at 40 mm with a Vibratome 2000 and analyzed using immunocytochemistry as described (14). Briefly, serial sections from both
groups were incubated at 47 overnight with the mouse monoclonal antibody 1-1.3 to the LVMC NP antigen (32). After incubation with a biotinylated
goat anti-mouse IgG antibody, sections were treated with Vectastain ABC (Vector Laboratories, Burlingame, CA), used according to the manufacturer’s
instructions, and developed using 3,3*-diaminobenzidine (0.4 mg/ml in 100 mM Tris–HCl, pH 7.4, containing 0.01% H2O2). Several sections from
several independent mice of each group were processed simultaneously using the same conditions to assess the reproducibility of the results. (a)
Neocortex and (b) hippocampus from LCMV-Pi mice show abundant pyramidal cells expressing LCMV NP antigen, while sections from (c) neocortex
and (d) hippocampus of uninfected control mice did not express LCMV NP antigen. (e) Quantitative analysis of immunostained sections was done
by morphometric determinations of the number of LCMV NP-positive cells along the cortical ribbon using a gridded 101 ocular with a 401 objective
(optical field size 0.1 mm2). For each section, three fields were quantified and their values averaged. Morphometric results were analyzed using
the unpaired, two-tailed, Student’s t test. Pearson product–moment correlations and the correlation coefficient (r) were calculated with simple linear
regression analyses. Values were expressed as means { SEM. (f) LCMV NP and GP RNA sequences were detected by RT-PCR only in brain
sections obtained from infected mice, whereas RNA sequences of the cellular gene GAPDH were detected in brains from both uninfected and
LCMV-infected mice. Results from two uninfected mice and LCMV-Pi mice are shown. RNA was extracted from sections adjacent to those used
for immunocytochemical analysis, using the guanidine isothiocyanate/acid phenol extraction (32). cDNA was synthesized from the extracted RNA
by reverse transcription, and LCMV NP and glycoprotein (GP) sequences were amplified by PCR (30 cycles) as described (33). The reaction products
were resolved on 2% agarose gel electrophoresis and visualized with ethidium bromide. NP oligonucleotides were complementary to nucleotides
1994–1974 and 1706–1726 of LCMV NP, which amplified a 289-bp fragment. GP oligonucleotides were complementary to nucleotides 1209–1230
and 1974–1994 of LCMV GP, which amplified a 357-bp fragment. As control for the quality of RNA we also used specific primers to amplify a 192-
bp segment of the housekeeping gene GAPDH mRNA.
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FIG. 3. Analysis of GFAP expression in LCMV-Pi mice using immunocytochemistry and Northern blot hybridization. Sections from (a and b)
neocortex and (c and d) hippocampus of uninfected control mice (a, c) and LCMV-Pi mice (b, d) were analyzed for GFAP by immunocytochemistry
using a mouse monoclonal against GFAP (Boehringer-Mannhein Laboratories, Indianapolis; dilution 1:20). Quantitative analysis of immunostained
sections is shown in (e). Procedures for immunocytochemistry and quantitation of immunoreactivity were as described for Fig. 2. (f) Northern blot
analysis revealed higher levels of GFAP mRNA in the brains of LCMV-Pi mice than in uninfected control mice. RNA was extracted from the brains
of three individual LCMV-infected mice (lanes 1–3) and from three control mice (lanes 4–6). RNA samples were analyzed by Northern blot using
specific probes for GFAP, LCMV-NP, and GAPDH, following procedures described (32). A composite of three different gels is represented. For the
analysis of GFAP and NP expression, RNA samples from LCMV-Pi mice (lanes 1–3) and mock-infected control mice (lanes 4–6) were analyzed in
two different gels. For the expression of GAPDH, RNA samples from both LCMV-Pi and control mice were analyzed in the same gel.
GFAP-positive hypertrophic astrocytes were not ob- Synaptic density and plasticity were assessed by utiliz-
ing immunocytochemistry to quantitate synaptophysinserved, which explains the normal astroglia appear-
ance in routine H&E brain sections. and GAP-43 levels, respectively. The results showed a
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characteristic punctate staining pattern of the presynap- state levels of GAP-43 mRNA, whereas the amyloid pre-
cursor protein (APP) mRNA steady-state levels increasedtic boutons in the neuropil of both LCMV-Pi and control
mice, using an anti-synaptophysin antibody (not shown). to approximate those found in NGF-induced uninfected
PC12 cells (Fig. 5a). Both uninfected and PC12-Pi cellsThere was no statistically significant difference between
LCMV-Pi and control mice with respect to synaptophysin showed NGF-induced upregulation in mRNA levels of the
immediate-early gene c-fos, but uninfected cells reachedimmunoreactivity in the neocortex or hippocampus (Fig.
4f), indicating that synaptic density was not altered in a higher level of maximum induction (Fig. 5b). Interest-
ingly, levels of c-fos expression have been proposed toLCMV-Pi mice. Antibody against GAP-43 labeled the neu-
ropil with the characteristic punctate pattern (Figs. 4a– be involved in the activation of visna virus gene expres-
sion (16). Whether changes in the regulation of c-fos4d) that corresponded to presynaptic terminals (14). In
contrast to the unchanged synaptic density, GAP-43 im- expression in PC12-Pi cells contribute to altered GAP-43
expression remains to be determined. However, mRNAmunoreactivity decreased significantly in the inner mo-
lecular layer of the hippocampus in LCMV-Pi mice when levels of the housekeeping gene GAPDH were not af-
fected by either LCMV infection or NGF treatment (Fig.compared to controls (Fig 4c–e). The outer molecular
layer of the hippocampus also displayed a significant 5). These results indicate that LCMV persistent infection
interfered with specific pathways of the NGF-mediateddecrease in GAP-43 immunoreactivity in these virally in-
fected mice (Figs. 4c–4e). However, in the neocortex, no signal transduction, but did not abrogate the complete
spectrum of NGF-induced cellular responses as wit-statistically significant differences in GAP-43 immunore-
activity was observed between LCMV-Pi and uninfected nessed by the APP and c-fos response to NGF in PC12-
Pi cells.control mice (Figs. 4a, 4b, and 4e).
The degree of astrogliosis correlated with the degree GAP-43, a phosphoprotein associated with the mem-
brane of the presynaptic terminals (17), has been pro-of decrease in GAP-43 immunoreactivity in the hippo-
campus (r  0.77, P  0.01). Levels of LCMV NP expres- posed to play a role in learning and memory in the adult
brain (18, 19). Recent genetic evidence indicates thatsion correlated inversely with the hippocampal GAP-43
expression (r  00.84, P 0.01), indicating that neurons GAP-43 may not be required for axonal growth cone for-
mation or extension (20). However, GAP-43 appears towith heightened viral replication were located primarily
in brain regions displaying the greatest decrease in GAP- be an essential modulator of signal transduction in the
neuronal growth cone (20). Yet the molecular layer of the43 expression. Infected astrocytes are not observed in
the CNS of LCMV-Pi mice (8, 9), suggesting an indirect hippocampus in LCMV-Pi mice were we found lowered
GAP-43 expression contains dendrites of the granularmechanism for the virally induced mild astrocytosis in
these mice. However, increased astrocyte GFAP immu- cells of the dentate gyrus, which receive projections from
the entorhinal cortex and septal region (21). Both thesenoreactivity was not always correlated with viral antigen
expression. Thus high levels of LVMC NP antigen were circuitries are involved in the formation of memory (22).
Decreased levels of GAP-43 expression in the inner mo-expressed in neurons of the pyramidal layer in the hippo-
campus while in the same area no significant differences lecular layer of the dentate gyrus of the hippocampus
could contribute to the cognitive alterations observed inin the number of GFAP-positive astroglia cells were
found between LCMV-Pi and control mice. Evidence sup- LCMV-Pi mice. Since GAP-43 is a presynaptic protein,
its deficiency in the molecular layer of the hippocampusports regional differences between astrocytes regarding
their responses to brain insults. Whether this reflects suggests an altered function of the entorhinal cortex neu-
rons and septal region neurons that originally producepopulations of astrocytes that are ontogenically sepa-
rated or differences in the surrounding environment is this GAP-43. Pharmacological studies showed that
LCMV-Pi mice are hypersensitive to the muscarinic cho-presently unknown.
To investigate the molecular mechanisms whereby linergic antagonist scopolamine (11). The inner molecu-
lar layer of the hippocampus receives strong cholinergicLCMV persistent infection had decreased GAP-43 hippo-
campal expression in vivo, we examined the effect of input from the septal region (21), and this layer displayed
the greatest decrease of GAP-43 expression in our virallypersistent LCMV infection of PC12 cells on GAP-43 ex-
pression following nerve growth factor (NGF) induction. infected mice. Other studies showed that LCMV persis-
tent infection of murine neuroblastoma cells significantlyIncreased levels of GAP-43 mRNA expression in NGF-
induced PC12 cells correlates with the onset of their lowered the intracellular levels of choline acetyltransfer-
ase and acetylcholine esterase (12), enzymes involveddifferentiation into a neuronal-like phenotype (15). Fol-
lowing establishment of persistent viral infection (PC12- in the metabolism of the neurotransmitter acetylcholine.
Combined, these findings suggest that a cholinergic dys-Pi), all the cells harbored infectious virus based on re-
sults from infectious center assays, and more than 90% function might contribute to the learning deficits exhib-
ited by LCMV-Pi mice.of the cells expressed levels of viral NP antigen detect-
able by immunofluorescence (not shown). NGF treatment The expression of GAP-43 protein both in vivo and
in vitro correlates with the induction of its mRNA (23 –of PC12-Pi cells for up to 72 hr did not increase steady-
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FIG. 4. Analysis of GAP-43 and synaptophysin expression by immunocytochemistry. Neocortex from (a) control and (b) LCMV-Pi mice shows
granular immunolabeling of the neuropil but not the cell bodies with the antibody against GAP-43. The anti-GAP-43 antibody strongly immunostained
the inner molecular layer (IML) and to a lesser level the outer molecular layer (OML). (c and d) In LCMV-Pi mice (d) a significant drop in GAP-43
immunoreactivity was observed in the hippocampal molecular layer. Computer-aided analysis of GAP-43 levels and synaptophysin immunoreactivity
are shown in (e) and (f), respectively. Synaptophysin immunoreactivity was not significantly (n.s.) altered in the LCMV-Pi mice when compared to
controls. Preparation and analysis of sections using immunocytochemistry was as described for Fig. 2. Synaptophysin- and GAP-43-immunolabeled
sections were analyzed quantitatively with the Cambridge 970 Quantimet as previously described (14, 34, 35). Briefly, the average optical density
(OD) of the reaction product was measured in the neuropil in the neocortex and the inner, middle, and outer thirds of the molecular layer of the
dentate gyrus. The area of interest was delineated on the video screen with a mouse-type cursor. The OD of the corpus callosum on each slide
was subtracted to arrive at a corrected OD value.
26). However, evidence indicates that GAP-43 mRNA undefined stabilizing mechanisms (15, 27, 28). We
have shown that LCMV persistent infection interfereslevels are not solely controlled by transcriptional acti-
vation, but also by posttranscriptional events involving with GAP-43 expression in PC12 cells in response to
NGF. This finding suggests that in vivo LCMV maymRNA stabilization via protein kinase C, through still-
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affect the function of neuronal transduction systems
that register extracellular cues, such as NGF, involved
in promoting neuronal differentiation and plasticity
(18, 19). This, in turn, could provide the biochemical
bases for the behavioral abnormalities observed in
LCMV-Pi mice. The finding of virally mediated impair-
ment in neuronal function in the absence of cell de-
struction raises the possibility that noncytolytic vi-
ruses that persistently infect neurons may contribute
to many human CNS disorders whose etiology is un-
known. Since neurons are not destroyed by the viral
infection, antiviral therapies resulting in viral clear-
ance from these cells (29, 30) may restore normal
brain function. Studies to test this hypothesis are cur-
rently underway.
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